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Abstract 
Dye-sensitized solar cells (DSSCs) based on ZnO nanostructures have been fabricated by spray deposition of hydrothermally 
synthesized ZnO nanoparticles and using vertical ZnO nanorod arrays prepared in a continuous spray pyrolysis reactor. The self-
assembled nanostructures, due to the presence of the electric field during spray deposition, improve the cell efficiency (Ș) from 
~2.8% for ZnO nanocrystalline film (thickness ~4.3 μm) to 4.7% for ZnO nanostructured film (enhancement of ~60%).   The best 
performance with ZnO nanorods cell structure gives Ș of 1.70 for the layer thickness and cell area of ~2 μm & 0.25cm2,
respectively. 
© 2010 Published by Elsevier B.V. 
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1. INTRODUCTION
Dye sensitized solar cells (DSSC) are the Photovoltaic devices which combine the nanotechnology and 
photosynthesis like process for photovoltaic conversion of solar energy. The basic design requires the separation of 
the processes of the photon absorption due to a sensitizer and the photo-generated charge transport. Mesoporous 
nanoparticles are used as anodes because of larger inner surface areas which help in the absorption of the dye as well 
as providing a large interface with the hole conducting electrolyte. 
Considerable attention has been devoted to understand the electrode architecture for efficient electron diffusion 
and transport [1,2], one of the important limiting factors in the DSSC cell performance. During its traversal to the 
photoelectrode, an electron is estimated to cross 103 to 106 nanoparticles [1]. The disordered structure of the 
nanoparticles film leads to enhanced scattering of free electrons, thus reducing electron mobility and causing 
electron recombination especially at the grain boundaries/interfaces between the nanoparticles [3]. Replacing the 
nanoparticle film with an array of oriented crystalline nanorods offers the potential for improved electron transport 
leading to higher efficiencies. The pathways provided by the nanorods ensure a rapid collection of carriers generated 
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throughout the device from the point of photogeneration to the conducting substrate. The electron transport in the 
crystalline nanorod is expected to be several orders of magnitude faster than the percolation through a random 
nanocrystalline network [4]. 
The range of the reported efficiencies for ZnO nanorod based DSSCs fabricated using different methods [5-8] is
very wide and still low. For hydrothermally grown nanorods (using different conditions), the reported efficiencies 
are 0.84% for 5.5 μm [6], 1.0% for 11 μm [8], and 1.5% for 20 μm long rods. On the other hand, for vapor deposited 
rods (5–6 μm length) the efficiency is 0.34% [5]. Yoshikawa et al. [9] have shown an increase in the cell 
performance with increase in the nanorod length for solution grown layer. They report an increase in the conversion 
efficiency from 0.94 -1.69 % for increasing nanorod lengths from 2.6 to 10.8 μm. Recently, Lim et al. [10] have 
shown annealing effects on ZnO nanorods arrays vertically grown on pre-treated fluorine-doped tin oxide (FTO) 
glass using a low-temperature hydrothermal method. Annealing of the ZnO seed layer leads to greater DSSC 
efficiency. This is attributed to the improvement of adhesion between the FTO & the seed layer and the 
corresponding effective growth of the ZnO nanorods. The best efficiency reported is 0.74 % for nanorod length of 
1.8 μm annealed in O2 ambient condition. Djurišiü et al. [11] studied the performance of dye-sensitized solar cells 
based on ZnO nanorods (3.5 μm) prepared by hydrothermal and vapor-deposition methods and found that DSSCs 
based on hydrothermally grown rods exhibit higher efficiency, which can be attributed to the higher dye adsorption. 
An efficiency of 0.22% is obtained for both as-deposited hydrothermally grown nanorods and vapor deposited 
nanorods annealed in oxygen at 200 °C. It has also been shown that photovoltaic response of ZnO nanorods is 
dependent not only on the rod size but also on their orientation [12,13]. 
The techniques used for ZnO nanorod fabrication are mostly chemical based and the growth process is 
generally very slow. Spray deposition [14] can be used for making nanostructured layers over a large area 
conveniently. The results of our studies on spray deposition of ZnO nanostructured layers for DSSC are presented in 
this paper.  
2. SPRAY DEPOSITION OF ZnO NANOPARTICLES 
2.1 Experimental Details 
ZnO-based dye-sensitized solar cells (DSSCs) were fabricated using hydrothermally synthesized ZnO 
nanoparticles by spray deposition [15]. 1-butanol was used as the solvent for dispersion of synthesized 
nanoparticles. The effect of morphology on cell performance has been studied by employing the ZnO films 
(deposited under an applied voltage between the spray nozzle and a metal electrode) as photoelectrodes taking 
advantage of the one-dimensional nanostructures formed. 
2.2 Results and Discussion 
The self-assembled nanostructures, due to the electric field during spray deposition, have found to improve the 
cell efficiency from 2.8% for nanoparticle film (Zn4) to 4.7% for nanostructured film (Zn6) (enhancement of ~ 
60%). This can be due to increased surface area provided by the nanostructures which helps in increasing the 
adsorption of dye molecules. The cell with a nanostructure layer thickness of ~ 3.4 μm (Zn5) has yielded an 
efficiency of 4.4%. On the other hand, the cell with a thickness of ~ 4.5 μm yielded the highest efficiency of ~ 4.7% 
(Fig. 1) with Jsc = 10.7mA cmí2, Voc = 0.71 V and FF = 0.62. The cell parameters for different thicknesses of ZnO 
layers without and with nanostructures are tabulated in Table I.  
Sample 
(photoelectrode
thickness) 
Voc
(V) 
Jsc
(mA/cm2)
FF Ș
%
Zn4 (4.3 μm) 
Zn5 (3.4 μm) 
Zn6 (4.5 μm) 
0.55 
0.68 
0.71 
9.1 
10.5 
10.7 
0.57 
0.62 
0.62 
2.8 
4.4 
4.7 
   Figure 1. Current density–voltage curves of        
    ZnO DSSC showing the effect of morphology.
Table I. Details of cell parameters showing the effect of 
               nanostructure morphology of ZnO .
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3. ZnO NANORODS FABRICATION USING CONTINUOUS SPRAY PYROLYSIS REACTOR 
3.1 Experimental details 
Well-aligned ZnO nanorod arrays were fabricated on ITO glass substrates using zinc aqueous solution as 
precursor through a continuous spray pyrolysis reactor [16]. The spray solution injected into the reactor leads to 
ZnO nanoparticle creation which self assemble on the substrate coated with a seed layer, kept near the reactor outlet. 
The outlet is connected to a round bottom flask with a glass tube for collection of produced nanoparticles. Thus, the 
technique has the advantage of fabricating both nanoparticles and nanostructured films at the same time [17,18]. 
The samples were soaked in 0.3 mM of a dye (triisothiocyanato-(2,2’:6’,6”-terpyridyl-4,4’,4”-tricarboxylato) 
ruthenium(II)tris(tetra-butylammonium) Ruthenizer 620-1H3TBA) in ethanol solution for 6 h at room temperature. 
Then, the dye-adsorbed electrodes were immersed immediately into the dehydrated ethanol to remove the excess 
dye adsorbed. The dye anchored electrode and the Pt counter electrode were clamped together, and a small quantity 
of redox electrolyte solution was introduced between the electrodes through the small hole created on the Pt counter 
electrode. The acetonitrile solution containing DMP II (0.3 M), TBP (1.0 M), LiI (0.1 M) and I2 (0.1 M) was 
employed as a redox electrolyte solution. The I-V curves were measured by Keithley 2602 source meter under the 
illumination (100 mW cmí2, AM 1.5) of Sciencetech (SF-150) solar simulator.  
3.2 Results and Discussion 
Morphological changes of ZnO films grown by self assembly of spray pyrolyzed ZnO nanoparticles on a seed 
coated substrate were investigated as a function of the growth time and the effect on the cell properties was 
observed. Figure 2 shows typical SEM images of the ZnO nanorods arrays grown on ITO substrate. The low-
magnification images (a,b) show a well-aligned high-density ZnO nanorods grown for 15 min (Zn7) and 25 min 
(Zn8), respectively. Fig. 2(c) shows the high magnification image of the film grown for 15 mins. The cross-sectional 
view (d) of nanorods arrays demonstrated that the ZnO grew vertically from the substrate. The average height of 
ZnO nanorods is found to increase from 50 nm to 2 μm as the growth time is increased from 5 min to 15 min. 
Figure 2. SEM image of ZnO nanorods for (a) Zn7, (b) Zn8, (c) high magnification 
image of Zn7, (d) cross-sectional view. 
(a) (b)
(c) (d)
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The best performance with a ZnO nanorod cell structure gave conversion efficiency (Ș) of 1.70 % for Zn7 
(Table II). For Zn8, the efficiency is lower (1.27%), with reduced Voc (0.66V as against 0.69V for Zn7), reduced Isc
(4.20 mA cm-2 from 4.32 mA cm-2) and significant reduction in FF (0.46 from 0.57). 
The decrease in the conversion efficiency for Zn8 may be attributed to the close networking of nanoparticle 
growth over the complete vertical nanorods (as can be seen in the SEM image), whereas for Zn7, the response is 
completely due to the vertical nanorod arrays. The presence of nanoparticles contributes to the number of grain 
boundaries/inter-particle states, which act as electron traps [6]. 
4. CONCLUSION 
Spray deposited ZnO nanostructured layers have been used for DSSC fabrication. The nanostructures are grown 
by two processes: spray deposition of hydrothermally prepared ZnO nanoparticles and vertically aligned ZnO 
nanorods grown by self assembly of spray pyrolyzed nanoparticles through a continuous spray pyrolysis reactor. 
Deposition of ZnO films by spray deposition under voltage is found to help in the creation of self-assembled one-
dimensional nanostructures and the nanostructured morphology is found to yield a maximum efficiency of 4.7% for 
a cell with a layer thickness of ~4.5 μm. On the other hand, the DSSCs based on ZnO nanorod arrays with  nanorod 
height of 2 μm yielded an efficiency of 1.7%, which is the highest reported value for a photoelectrode thickness of 2 
μm. 
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time 
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(%) 
Zn7
Zn8
15 min 
25 min 
0.69 
0.66 
4.32 
4.20 
0.57 
0.46 
1.70 
1.27 
Table II. Details of cell parameters showing the effect 
of the deposition time of ZnO nanostructured films.
Figure 3. Current density–voltage curves of ZnO 
nanorod DSSC showing the effect of deposition time.
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